INTRODUCTION
Avian coccidiosis, caused by several species of Eimeria protozoa, is the major parasitic disease of poultry causing mortality, malabsorption, poor feed utilization and impaired growth in broilers, and reduced egg production in layers (Lillehoj et al., 2004) . The disease is of tremendous economic significance to the poultry industry, with an estimated worldwide annual loss of more than $3 billion (Dalloul et al., 2006) . Currently, chemotherapy is extensively used and the disease is controlled primarily through the use of anticoccidial drugs added directly to the feed (Chapman, 2001 ). However, widespread use of anticoccidial drugs has led to the development of resistant Eimeria strains (Chapman, 1997 ). The problems faced in using therapeutic drugs are further complicated by public concerns over residual drug contamination of poultry products (Tajick and Shohreh, 2006) . These issues have stimulated the search for alternative control methods, such as the use of plant extracts with antioxidant activity (Naidoo et al., 2008) and vitamins A, E, and C (Kidd, 2004) . Supplementation with these additives has been shown to assist in the maintenance of high levels of immune protection of animals exposed to the stress and infection pressures through their antioxidant properties (Naidoo et al., 2008) . Antioxidant compounds are known to reduce the severity of Eimeria tenella infection by ameliorating the degree of intestinal lipid peroxidation (Allen et al., 1998) .
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MATERIALS AND METHODS
Bird Management
The study protocol was approved and conducted in accordance with the Animal Ethics Committee guidelines of China Agricultural University (Beijing). A total of 384 Arbor Acres male broiler chicks (1 d old), obtained from a commercial hatchery, were housed in electrically heated 3-tier battery brooders and fed a starter diet containing 30.96 mg of Zn/kg of diet until d 21. The battery cages were housed in an environmentally controlled room with 24 h of fluorescent illumination/d. The temperature was maintained at 34°C on d 1 and was gradually reduced to 22°C by 21 d of age. Feed was offered ad libitum and water was freely available. The RH was maintained at 60 to 65%.
Experimental Design and Diets
The experimental design was a 4 × 2 factorial arrangement of treatments evaluating 4 levels of organic Zn supplementation (0, 20, 40, and 60 mg/kg) and E. tenella challenge (without or with). A corn-soybean meal diet containing 29.6 mg of Zn/kg diet was used as a basal diet (Table 1 ) and supplemented with 3 levels of organic Zn (Mintrex-Zn, Novus International Inc., St. Charles, MO). The trace mineral premix used in the basal diet was prepared without Zn. Mintrex-Zn, a methionine hydroxyl analog chelate, contained 16% Zn and 80% methionine potency, and dietary methionine levels were adjusted using dl-methionine so that methionine levels were similar in all treatments. No antibiotic was added to the diets.
On d 21, birds were individually weighed, and those within similar BW range were randomly assigned to 64 cages so that the average bird weight per cage was similar. Each of the 8 dietary treatments was then randomly assigned to 8 cages, each housing 6 birds. Diets, in mash form, and water were offered ad libitum throughout the trial period, which lasted 42 d.
Coccidiosis Challenge
At 21 d of age, birds in the 4 coccidiosis challenge treatments were administered a 0.3-mL suspension of 1.5 × 10 4 sporulated oocysts of E. tenella in saline directly into the crop via an oral gavage. Birds in the nonchallenged control group were administered 0.3 mL of saline.
Measurements
On d 21 and 42, BW and feed intake were recorded on a cage basis and feed per gain values were calculated. On d 42, 1 bird/cage was randomly selected and blood was collected from the brachial vein into heparinized tubes. Blood samples were then centrifuged for 10 min at 3,000 × g, and plasma was collected and frozen at −30°C for subsequent glutathione peroxidase (GPx) analysis. After blood collection, the birds were killed for liver samples for the analysis of lipid peroxidation (LPO), catalase, and Cu-Zn superoxide dismutase (SOD). Enzyme activities of GPx and levels of Cu-Zn SOD and LPO were measured using commercial analytical kits (Jian Cheng Bioengineering Institute, Nanjing, China) as described by Luo and Xia (2006) .
Immune Response Parameters
Peripheral Blood Lymphocyte Proliferation. Peripheral blood lymphocyte proliferation was determined on d 7 and 14 postchallenge. One bird/cage (6 birds/treatment) was randomly selected and blood was collected from the brachial vein into heparinized vacutainers for the determination of lymphocyte proliferation according to the method of Mosmann (1983) . Lymphocytes were isolated from peripheral blood by using a lymphocyte density gradient centrifugation me- dium (density = 1.077; HaoYang Biological Manufacture Co. Ltd., Tianjin, China) and were separated by centrifugation at 1,006 × g for 30 min at 4°C. The lymphocyte fraction was collected from the interface and washed 3 times with RPMI 1640 culture medium (Invitrogen Corp., Carlsbad, CA). Lymphocytes were then resuspended in 2 mL of RPMI 1640 complete culture medium supplemented with 5% (vol/vol) of fetal calf serum, 0.5% penicillin (final concentration 100 U/mL), 0.5% streptomycin (final concentration 100 μg/mL), and 1% HEPES (final concentration 24 mM; Amresco 0511, Amresco Inc., Cleveland, OH). Live cells were detected by trypan blue dye exclusion and counted to adjust the density of the cells to 1 × 10 7 cells/mL of culture medium. A 190-μL quantity of cell suspension and the lymphocyte mitogen concanavalin A (ConA; 45 μg/mL; Sigma, St. Louis, MO) or lipopolysaccharide (LPS; 25 μg/mL; Sigma) were added to a 96-well microtiter plate (Costar 3599, Corning Inc., Corning, NY). The plates containing a total culture volume of 200 μL/well were then incubated at 37°C with 5% CO 2 in an incubator. After 68 h, 10 μL of 5 mg/mL 3-(4, 5-dimethylthiazol-2 yl)-2, 5-diphenyltetrazolium bromide was added to each well and the plates were incubated for another 4 h. Subsequently, 100 μL of 10% SDS dissolved in 0.04 mol/L of HCl solution was added into each well to lyse the cells and solubilize the 3-(4, 5-dimethylthiazol-2 yl)-2, 5-diphenyltetrazolium bromide crystals. Finally, plates were read at 570 nm using an automated ELISA reader (model 550 Microplate Reader, Bio-Rad Pacific Ltd., Hong Kong, China).
Secretory IgA Concentration. Cecal contents were collected from 1 bird/cage (6 birds/treatment) on d 7 and 14 postchallenge. Secretory IgA (sIgA) concentration was determined by ELISA test (Chicken IgA ELI-SA Quantitation Kit, Bethyl Laboratories Inc., Montgomery, TX) following the manufacturer's protocol.
Oocyst Counting. The excreta from 8 cages/treatment (64 cages) were collected from d 5 to 9. Oocyst output from each cage was counted during the periods of d 5 to 7 and d 7 to 9 postchallenge. The number of oocysts was determined using a McMaster counting chamber (Hodgson, 1970) and the results are presented as per gram of excreta. Briefly, total feces from each cage were collected and mixed thoroughly to ensure uniformity. A 2-g fecal sample from total feces of each cage was transferred to a glass beaker and suspended with 60 mL of saturated sodium chloride solution. The suspension was mixed thoroughly and then left for 5 min before counting, allowing the oocysts to float up. All oocysts under the grid of each chamber in the McMaster were counted using a 10× magnification.
Statistical Analysis
The data were analyzed by 2-way ANOVA using the GLM (Univariate) procedure of SPSS (SPSS, 2008) for the interactive effects of Zn and coccidiosis challenge.
Duncan's posthoc test was used to separate means that significantly differed at P ≤ 0.05. Before statistical analysis, log 10 transformations were made for oocyst output.
RESULTS
Performance Data
Mortality was low (1.04%) and the deaths were not related to any dietary treatment. A significant reduction was observed in weight gain (P < 0.001) and feed intake (P < 0.01) and an increase in feed per gain (P < 0.05) when the birds were challenged with coccidiosis (Table 2 ). Dietary organic Zn levels had no effect (P > 0.05) on performance parameters. The interaction between Zn level and E. tenella challenge was not significant (P > 0.05) for performance parameters.
Antioxidant Status
Activities of antioxidant enzymes, namely Cu-Zn SOD, catalase, GPx, and LPO, are shown in Table 3 . The main effects of Zn level and coccidiosis challenge were significant (P < 0.001) for Cu-Zn SOD and GPx activities, but a significant (P < 0.001) Zn level × challenge interaction was also observed. The activity of Cu-Zn SOD was increased with increasing organic Zn levels in both the challenged and nonchallenged groups, but the magnitude of response was greater in the challenged group. The GPx activity was also increased with increasing organic Zn levels in both groups, but the magnitude of response was greater in the nonchallenged group. The catalase activity was unaffected (P > 0.05) by organic Zn supplementation, but decreased (P < 0.001) by E. tenella challenge. Lipid peroxidation was not influenced (P > 0.05) by E. tenella challenge. However, LPO tended (P = 0.08) to be lower at organic Zn inclusion levels of 20 and 40 mg/kg.
Immune Response Parameters
Peripheral Blood Lymphocyte Proliferation. In vitro lymphocyte proliferation responses to mitogen ConA and LPS are shown in Table 4 . Lymphocyte proliferation was not affected (P > 0.05) by supplemental organic Zn or E. tenella challenge.
sIgA. The main effects of organic Zn level and E. tenella challenge were significant for sIgA at both 7 (P < 0.01 to 0.001) and 14 d postchallenge (P < 0.001). On both days, sIgA was increased (P < 0.05) by challenge. But the effect of organic Zn level was variable. On d 7 postchallenge, the sIgA in birds receiving 20 mg/kg of organic Zn was higher (P < 0.05) than those receiving no organic Zn, but the sIgA in birds receiving 40 and 60 mg/kg of organic Zn was similar (P > 0.05) to that of those receiving 0 and 20 mg/kg of organic Zn. On d 14 postchallenge, sIgA in birds receiving no supplemental Zn was lower (P < 0.05) than that in those receiving 20 and 60 mg/kg of organic Zn but similar (P > 0.05) to that in those receiving 40 mg/kg of organic Zn. Oocyst Shedding. No oocysts were detected in the excreta of birds in the nonchallenged groups, indicating that no cross-contamination occurred between the groups. In the challenged group, oocyst shedding in the excreta at 7 and 9 d postchallenge (Table 5 ) of birds fed dietary Zn supplementation was significantly decreased with increasing levels of Zn inclusion (P < 0.001) compared with those receiving no Zn supplementation. Among dietary Zn treatments, birds receiving 20 and 40 mg/kg of organic Zn shed fewer oocysts than those receiving 60 mg/kg of organic Zn in both periods, 7 and 9 d postchallenge (P < 0.001). 
DISCUSSION
Growth Performance
In the present study, infection with E. tenella significantly reduced weight gain and feed intake and increased feed conversion ratio compared with the unchallenged birds. These findings are in agreement with the general trends observed in coccidiosis infection. Southern and Baker (1983) found depressed weight gain during Eimeria acervulina infection and found that adverse effects could not be overcome by dietary Zn supplementation. Bafundo et al. (1984) also reported no benefits resulting from Zn supplementation on growth performance of chicks challenged with E. acervulina. Eimeria acervulina, which invades the duodenum, has been shown to depress the absorption of Zn, whereas E. tenella, which invades the cecum, has been found to have only minor effect on Zn utilization (Turk, 1974) . This, undoubtedly, indicated that the type of Eimeria is an apparently important factor in determining Zn utilization responses to the infection. Because E. tenella invades more distal regions of the intestine, it might be predicted that supplementation with organic Zn could be more effectively and better absorbed by chicks during the infection and possibly ameliorate the adverse effects of E. tenella infection on growth performance. This, however, was not the case. The present study clearly showed that dietary organic Zn supplementation did not influence the growth performance of birds challenged with E. tenella. These data further suggest that Zn may be utilized by chicks during infection to maintain oxidative balance and immune defense against coccidial infection rather than for growth performance.
Antioxidant Status
Oxidative stress is manifested primarily via alterations of antioxidant enzyme activities and the reductions of some nonenzymatic antioxidants. Lipid peroxidation is an indication of oxidative damage of cells. Zinc can compete with iron and copper to bind to the cell membrane and decrease the production of free radicals, thus exerting a direct antioxidant action (Tate et al., 1999) . Shaheen and El-Fattah (1995) reported that Zn deficiency caused increased LPO and that this was overcome by Zn supplementation. In the present study, liver LPO concentrations tended to be reduced by organic Zn additions (P = 0.085). The decrease in LPO at 20 and 40 mg/kg of organic Zn may be associated with the enhancing capacity of scavenging free radicals and decreases the damage of tissues or cells by organic Zn.
The enzyme GPx is a major antioxidant enzyme that converts hydrogen peroxide to water using the coenzyme glutathione. Glutathione peroxidase is located primarily in the cytosol and has a general specificity in the detoxification of both lipid hydroperoxides and organic hydroperoxides (Guemouri et al., 1991) . Results of the present study showed that the plasma GPx activity was increased as the organic Zn level was increased.
Copper-Zn SOD is widely distributed in oxygen metabolizing cells (Yamaguchy, 1991) and plays a key role in suppressing free radicals and inhibiting NADPH-dependent LPO as well as in preventing LPO via inhibition of glutathione depletion (Gibbs et al., 1985) . In the present study, hepatic Cu-Zn SOD activity was increased with increasing organic Zn supplemental levels.
Catalase is a heme-containing antioxidant enzyme that acts sequentially with SOD in the conversion of hydrogen peroxide to water (Cohen et al., 1970) , thereby protecting the cells against hydrogen peroxide toxicity and LPO. However, the hepatic catalase activity was not affected by dietary Zn level in the current study.
Immune Response Parameters
Zinc is important for all aspects of immunity and is critical for the integrity of the cells involved in the immune response (Dardenne et al., 1985) . Sunder et al. (2008) reported that cell-mediated immune response was significantly higher in broilers supplemented with ≥80 mg/kg of Zn than in those supplemented with <80 mg/kg of Zn. Cell-mediated immune responses are thought to be an important factor for protection against coccidiosis. The T cell populations limit coccidia replication in the intestinal tract (Yun et al., 2000) . Our study also measured the lymphocyte proliferation using mitogen ConA and LPS stimulation for T cells and B cells, respectively, but we did not see any effects resulting from organic Zn supplementation on lymphocyte proliferation in both the challenged and nonchallenged birds. The review of Rivera et al. (2003) highlights the protective role of trace minerals, especially Zn, on the immune response during parasitic infections. Rapp et al. (2004) reported that dietary supplementation with a Zn-amino acid complex reduced gut lesion scores of broilers infected with Eimeria maxima. Recent data indicated that inclusion of Mintrex organic trace minerals in broiler diets can enhance immune response to coccidiosis vaccination, lower lesion scores, and increase intestinal integrity (Richards et al., 2006) .
The present study found that dietary supplementation of organic Zn increased the cecal sIgA concentration and markedly reduced oocyst shedding in the excreta, suggesting that Zn exerts a protective role against E. tenella infection. Secretory IgA plays a vital role in the protection against a diverse array of mucosal pathogens (Ganguly and Waldman, 1980) . The present findings present some supporting evidence for Zn-induced intestinal immune defense against coccidial infection. Although the specific mechanisms of action by intestinal IgA on coccidial infection are unknown, it is thought that sIgA attaches to the coccidial surface and prevents binding to the epithelium by direct blocking, steric hindrance, induction of conformational changes, or reduction of motility, or all of these (Yun et al., 2000) . In addition, sIgA may act directly on spo-rozoites or merozoites to prevent invasion and parasite development within cells (Rose and Hesketh, 1987) .
In conclusion, an E. tenella challenge model was employed in the current study to investigate the effects of organic Zn supplementation on growth performance, antioxidant status, and immune function of broilers. It was found that Zn supplementation reduced oxidative stress and improved some immune response parameters irrespective of whether the birds were healthy or infected with E. tenella.
